Abstract: Multiple proteases in a system hydrolyze target substrates, but recent evidence indicates that some proteases will degrade other proteases as well. Cathepsin S hydrolysis of cathepsin K is one such example. These interactions may be uni-or bi-directional and change the expected kinetics. To explore potential protease-on-protease interactions in silico, a program was developed for users to input two proteases: (1) the protease-ase that hydrolyzes (2) the substrate, protease. This program identifies putative sites on the substrate protease highly susceptible to cleavage by the protease-ase, using a sliding-window approach that scores amino acid sequences by their preference in the protease-ase active site, culled from MEROPS database. We call this PACMANS, Protease-Ase Cleavage from MEROPS ANalyzed Specificities, and test and validate this algorithm with cathepsins S and K. PACMANS cumulative likelihood scoring identified L253 and V171 as sites on cathepsin K subject to cathepsin S hydrolysis. Mutations made at these locations were tested to block hydrolysis and validate PACMANS predictions. L253A and L253V cathepsin K mutants significantly reduced cathepsin S hydrolysis, validating PACMANS unbiased identification of these sites. Interfamilial protease interactions between cathepsin S and MMP-2 or MMP-9 were tested after predictions by PACMANS, confirming its utility for these systems as well. PACMANS is unique Abbreviations: CatS, cathepsin S; CatK, cathepsin K; MMP-2, matrix metalloproteinase-2; MMP-9, matrix metalloproteinase-9; PACMANS, Protease-Ase Cleavages from MEROPS ANalyzed Specificities Additional Supporting Information may be found in the online version of this article.
Introduction
Cysteine cathepsins are a group of lysosomal proteases in the papain superfamily that are involved in intracellular protein degradation as well as degradation of extracellular matrix proteins when secreted by cells. 1, 2 Of particular interest, cathepsins K, L, S, and V share 60% sequence homology and among them, include the most potent mammalian collagenase, cathepsin K, and most potent mammalian elastase, cathepsin V. [3] [4] [5] [6] These four cathepsins have been implicated in many tissue destructive pathologies such as cancer metastasis, 7-12 osteoporosis, [13] [14] [15] atherosclerosis, 3, [15] [16] [17] [18] [19] rheumatoid arthritis, 20 endometriosis, 21 and tendinopathy. 22 Consequently, these proteases have redundancy in substrate cleavage preferences.
We recently showed that one cathepsin family member could preferentially degrade another, even in the presence of the substrate, which we termed cathepsin cannibalism. 23 It is also important to note that this mechanism occurred between two mature enzymes, with one mature enzyme hydrolyzing the other into inactive fragments, not the well reported propeptide activation that occurs between cathepsins. [24] [25] [26] Determining that cathepsin S proteolysis of cathepsin K involved substrate degradation assays, immunoblotting, zymography, and computational modeling to test hypotheses about the cause of the unexpectedly low amount of substrate being degraded when two cathepsins were co-incubated. Mass spectrometry can be used to sequence fragments of substrate protein after these cannibalistic hydrolysis, however this can be prohibitive due to cost and requirements of large amounts of purified protein, to test a hypothesis that may or may not be supported. We present here a computer algorithm and program to identify sites where proteases may cleave other proteases or substrate proteins, in an unbiased way, using data automatically gleaned from the online database of peptidases and their inhibitors, MEROPS (http:// merops.sanger.ac.uk/). 27, 28 We call this new tool PACMANS: Protease-Ase Cleavages from MEROPS ANalyzed Specificities. PACMANS was validated by studying cannibalism between mature cathepsin S, as the "protease-ase," and cathepsin K, as the substrate protease, using this bioinformatically informed sitedirected mutagenesis of cathepsin K to prevent its cannibalistic cleavage by cathepsin S, and then applied to inter-familial proteolysis of cathepsins by matrix metalloproteinases (MMPs).
Results

Development and instructions for PACMANS
The design goals for PACMANS included (1) ease of use, (2) algorithmically efficient, (3) versatile for protease and substrate sequence input, and (4) automation. With these design goals in mind, a program using a sliding-window approach was developed, where each 8 residue segment of the amino acid sequence of the substrate protease was assessed for likelihood of cleavage in the active site pocket of the protease-ase. Individual residue scores were retrieved from MEROPS online database that populates a specificity matrix for each protease that quantifies the likelihood of cleavage of each residue in each subsite of a protease's active site. 27, 28 The positions on the protease at the active site are designated with S, and for the substrate as P, and are numbered outward (typically to P4/P4') from the scissile bond between P1 and P1' positions, 29 where the non-primed numbers refer to residues on the Nterminal side and the primed numbers refer to the C-terminal side of the cleaved bond ( Fig. 1) . A cumulative likelihood score was calculated by summing individual residue scores for each set of 8 amino acids being analyzed in that sliding window. A higher cumulative likelihood scored sequence would indicate higher specificity of that 8-amino acid sequence on the substrate protease for the active site in the protease-ase. Lower cumulative likelihood scores represent sequences with lower specificity for hydrolysis by the protease-ase for the substrate protease at that 8-amino acid window. This algorithm was coded and implemented in MATLAB as described in the Methods section, and is available online at platt.gatech.edu/PACMANS. Users are required to input five main pieces of information into PACMANS to generate the ranked list of putative cleavage site locations.
1. User inputs names of the protease-ase and substrate protease, which will be used to generate the output file name: "PROTEASEASEonSUBSTRATE.txt" [ Fig. 1(A) ]. 2. User defines the sliding window size of up to 8 subsites for analysis, where a lower bound of 1 would correspond to the residue in the S4 subsite and an upper bound of 8 would correspond to the residue in the S4' subsite. If these fields are left blank, PACMANS will default to the full 8 (S4-S4'), but the option is available for a smaller window.
3. User goes to MEROPS (https://merops.sanger.ac.uk/), click on the "Name" link under "Peptidase" on the left column on the page. Find the putative protease of interest from the Index of Peptidase Names page and click on the "MEROPS ID" given in the right column of the table. Copy the web-address of the protease-ase of interest and paste into the link field of PACMANS interface [ Fig. 1(B) ]. 4. User inputs the FASTA-formatted amino acid sequence of the substrate protease. Amino acid sequences can be obtained from UniProt (www. uniprot.org) by searching for substrate protease of interest in the search box at the top of the page [ Fig. 1(C) ]. Select the "Entry" number of substrate protease of interest and scroll down to find the "Sequence" section. Click link to "FASTA" sequence and copy only the amino acid sequence. Be sure to remove spaces before inputting into PACMANS. 5. User clicks "Load Data" and then "Calculate Scores"
to generate a text file of scores.
After execution, PACMANS will return a text file with the substrate protease amino acid sequence, molecular weight, and cleavage site analysis [ Fig. 1(D) ]. The cleavage site analysis will rank segments by cumulative sum score, and for each segment, list specific amino acid sequence being hydrolyzed, individual scores of residues (i.e. S1-P1 score), the range and median of those individual scores, as well as expected size of the two fragments of the hydrolyzed substrate protein, assuming one cleavage site. The cumulative likelihood scores will also be plotted in a histogram for quick viewing of high scoring outliers that should be considered first as most probable [ Fig. 1(E) ].
Application of PACMANS utility: Cathepsin S cannibalism of Cathepsin K PACMANS was used to determine putative locations of protease-on-protease cleavage for the cathepsin Scathepsin K relationship. Cathepsin S was input as the protease-ase and cathepsin K as the substrate protease. Top putative hydrolysis sites were ranked and output into a text file (Supporting Information File S1). PACMANS ranks all possible sequence segments, however only the top 5% of highest scoring sequences (16 sites) were further reviewed for structural cues that would likely affect protease-ase hydrolysis. In Figure 2 , the amino acid sequence segments are presented such that '/' indicates the scissile bond in cathepsin K. The range of the lowest and highest individual scores as well as the median score of each 8 residue sequence is also presented. Schematics of cathepsin K with the location of hydrolysis and the fragment sizes generated were Figure 1 . Using PACMANS to score locations of hydrolysis of the substrate protease by the protease-ase. Input the name of hypothesized protease-ase and desired substrate protease, specificity matrix for the protease-ase, and amino acid sequence of desired substrate protease. The specificity matrix quantifies the likelihood that a given amino acid in positions P4 through P4' will result in a peptide bond cleavage between P1 and P1' in the enzyme's active site. Using the protease-ase's specificity matrix and another protease's amino acid sequence as the substrate protease, the potential locations of cleavage were scored by the sum of the individual scores that a given residue has been reported to occur in each subsite of the active site pocket. These putative site of cleavage by protease-ase were then sorted by score and given to users in text file along with a histogram of all the scores. also added to Figure 2 . Five of the 16 sites were eliminated because they were in the propeptide region (the first 114 residues of cathepsin K), which would have already been cleaved off during activation to the mature enzyme (numbers 3, 8, 9, 14, and 15 in Fig. 2 with grayed text). The other eleven sites were inspected for their accessibility using SwissPdb Viewer 4.1.0 of Cathepsin K (PDB ID code: 1ATK) ( Fig. 3 ): residues on cathepsin K's surface exposed to the aqueous environment and residues in unstructured regions were given higher priority over more internal residues because of their accessibility to cleavage by cathepsin S.
Sequence #6 ASLT/SFQF and #12 DCVS/ ENDG met these criteria. L253 and V171were identified as key locations that fit all criteria and the most probable sites of cathepsin K cannibalism by cathepsin S. Figure 2 . Top 5% of cumulative cleavage scores of cathepsin S cannibalizing cathepsin K. The table includes the highestscored regions of where cleavage of cathepsin K by cathepsin S is most likely to occur as well as descriptive information about the range and median residue scores and a schematic of where cleavage was expected to occur within the cathepsin K protein. The pro-region of cathepsin K includes residues 1 to 114, which were excluded when determining cathepsin K mutants to interrupt cathepsin cannibalism. The '/' in the amino acid sequences indicates the scissile bond that would be hydrolyzed by cathepsin S. Schematics in the right column have a blue arrow indicating the hydrolysis would occur along with subsequence fragment sizes. Yellow stars indicate the active site residues for cathepsin K.
Validation of PACMANS predictions with site-directed mutagenesis
To validate that these amino acid residues were important for hydrolysis of cathepsin K by cathepsin S, simulated mutations in PACMANS were analyzed. Mutating those two positions greatly reduced the overall cumulative score (L253A: 633 to 411; L253V: 633 to 561; V171A: 574 to 424) of those sequences. Site-directed mutagenesis at L253 and V171 was completed. They were mutated to alanine and valine 30 for small residues, whereas mutating to a bulky, charged residue, such as glutamic acid, would reduce the PACMANS overall score even more (L253E: 633 to 391), but could be more disruptive to protein folding which we wanted to retain. Next, mutations were introduced to test the hypothesis that mutating PACMANS identified sites (L253, V171) would yield cannibalism-resistant cathepsin K mutants. Mutations were introduced into the cathepsin K sequence using overlap extension PCR on a plasmid with six tandem histidine residues (6xHis-tagged) at the C-terminal end of cathepsin K, confirmed by sequencing, then transfected into HEK293T cells. Active cathepsin K in eukaryotic cell lysates in zymography yields a signal at 37 kDa under non-reducing conditions to preserve disulfide bonds in cathepsin structure, but that same sample under reducing conditions would yield a 29 kDa protein detected in the Western blot. This was validated in our previous publications establishing the use of zymography for cathepsin activity. 31 Translation of full length mutant cathepsin K proteins were verified by immunoblotting (reducing SDS-PAGE), and cathepsin zymography (a non-reducing SDS-PAGE method) was used to test if they were proteolytically active [ Fig. 4(A) ]. L253A, V171A, and L253V were expressed as full length proteins but, L253V did not yield an enzymatically active protein in these studies, but L253A and V171A did, as confirmed by the zymogram [Fig 4(A) ]. There is a 15kDa immunoreactive band detected, which may be a degradation product, but it appears both with and without co-incubation with cathepsin S, so is not due to cannibalism. Mature cathepsin K does not appear in the Western blots, but the active/mature form is verified by zymogram, and we have previously shown that zymography has a lower limit of detection than Western blotting. 32 Recombinant cathepsin K mutants were also purified from cell lysates and incubated in the presence or absence of recombinant cathepsin S to determine resistance to degradation. Quantification of immunoblots after two hours of co-incubation with cathepsin S indicated a 50% reduction in wildtype (WT) cathepsin K (n 5 3, P < 0.02), compared to when incubated alone, only a 27% reduction in V171A cathepsin K protein (n 5 3, P < 0.02), and no significant reduction in protein for the L253A or the L253V cathepsin K mutants (n 5 3) [ Fig. 4(B) ]. This indicates that PACMANS was correctly able to identify a putative site of cleavage of cathepsin K by cathepsin S, which could be mitigated by bioinformatically informed mutagenesis.
Inter-familial protease-on-protease interactions: cathepsin S, MMP-2, and MMP-9
In our design of PACMANS, we wanted to provide versatility for protease selection of any protease with information in MEROPS, not just cysteine cathepsins. PACMANS was applied to study interfamilial proteolysis. Matrix metalloproteinases (MMPs) are another family of proteases implicated in similar tissue destructive The initial intention was to use the PACMANS scores from traditional extracellular matrix substrates collagen I and elastin as a normalization strategy to compare between protease-ases, but the magnitude of the scores would have different ranges based on the number of papers published on the protease-ase. Maximum score was 840 for cathepsin S, 4426 for MMP-2, and 749 for MMP-9. The reason for this is that the MEROPS specificity matrix contains the frequency that a given residue has been reported in publications for each subsite. This was not constant when comparing across different proteases in this study; MMP-2 has more published substrate specificities analyzed and therefore generally have higher frequency values in their specificity matrix than other proteases such as cathepsin V with less known substrate preferences published. As a result, the magnitude of the cumulative score was greater for proteases with a greater number of known substrates and preferences. To enable comparisons across protease-ases, an effective normalization strategy was developed. By dividing the individual likelihood score for a position by the total possible score of that subsite for all amino acids; SM norm i;j , the normalized score for a residue i in subsite j, can be described mathematically as:
where i is amino acid (row), j is subsite (column), and SM is specificity matrix. Norm means normalized. The sum of the normalized scores, SM norm i;j , can be used to more accurately compare cleavage potential across multiple protease-ases, as shown below.
Using normalized scores, cathepsin S hydrolysis of MMP-2 (score of 0.97) scored higher than cathepsin K (score of 0.95), which was higher than MMP-9 (score of 0.93). MMP-2, as the protease-ase, was more likely to hydrolyze cathepsin S (score of 1.25), than MMP-9 (score of 0.88) [ Fig. 5(D) ]. This suggested that MMP-2 would preferentially hydrolyze cathepsin S more than vice versa and that co-incubation would reduce cathepsin S's degradation ability. PACMANS-based hypotheses were then tested experimentally by co-incubating cathepsin S with MMP-2 or MMP-9 and monitoring Figure 4 . Expression of cleavage-site cathepsin K mutants yield full length protein and are protected from degradation by cathepsin S. (A) HEK293T cells were stably transfected with a plasmid for each of the His-tagged cathepsin K mutants. Cell pellets were collected and lysed and prepared for immunoblotting to determine if protein was produced, and cathepsin zymography to test for active cathepsin K with the mutations. Active cathepsin K in zymography yields a signal at 37 kDa under nonreducing conditions, but that same sample run under reducing conditions would yield a 29 kDa protein detected in the Western blot. (B) One picomole of recombinant cathepsin S was co-incubated with purified cathepsin K wildtype or cleavage site cathepsin K mutants for 2 hours at 378C. Cathepsin S degraded 50% of wildtype (w.t.) cathepsin K (n 5 3, P < 0.05). Mutations at V171 showed partial protection of 25% (n 5 3, P < 0.05), but mutations at L253 protected cathepsin K with no statistically significant difference, in the presence or absence of cathepsin S (n 5 3). Densitometry is quantified in the graph below.
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cleavage of a fluorescently quenched gelatin substrate; increased fluorescence indicates substrate degradation. By itself, cathepsin S degraded more gelatin than the other proteases with MMP-2 degrading 10.3% as much and MMP-9 degrading 46.0% as much gelatin as cathepsin S alone [Fig 5(E) ]. When co-incubating with cathepsin S, only 65.2% of total gelatin was degraded with MMP-2, and only 60.5% with MMP-9 compared to cathepsin S alone (100%), even though there was initially twice the molar amount of proteases in the system [ Fig. 5(E) ]. If no interactive proteolysis was occurring, then the results from co-incubation would be expected to be the sum of each individual protease's activity. This suggests that MMP-2 and MMP-9 were reducing the amount of active cathepsin S in the system by cleaving it, or were distracting cathepsin S from degrading the gelatin serving as an alternative substrate for cathepsin S to bind, or both, which supports the hypothesis from PACMANS that MMP-2 and MMP-9 could cleave cathepsin S when co-incubated, and to some degree, vice versa.
Discussion
PACMANS uses a bioinformatics approach to analyze the primary structure of a protease (substrate protease) and determines possible locations that could be vulnerable to hydrolysis by another protease (here termed, a protease-ase), PACMANS is unique compared to other putative site cleavage programs, by allowing users to define the protease of interest, and utilizing the specificity matrix from MEROPS to rank the most likely locations of cleavage. Although this program was initially conceived to analyze proteases cleaving other proteases, which could be bidirectional, it can also be used for traditional, non-protease substrate proteins, as well as short peptide sequences. Putative sites on cathepsin K susceptible to cleavage by cathepsin S were identified by PACMANS, confirming its ability to score sites based on protease-ase preferences. Cathepsin S prefers moderately-sized, branched hydrophobic residue (such as leucine in L253) in the P2, [37] [38] [39] and these were detected in the top 5% of putative sites Figure 5 . PACMANS predictions and validation of protease-on-protease interactions causing a reduction in gelatinase activity of cathepsin S when co-incubated with MMP-2 or MMP-9. Using cathepsin S, MMP-2, and MMP-9's specificity matrices and the amino acid sequence of other enzymes as the substrate protease, the maximum cumulative cleavage likelihood were plotted, specifically focusing on (A) cathepsin S, (B) MMP-2, and (C) MMP-9 as the protease-ases of interest. PACMANS was further refined to calculate normalized scores to allow users to make comparisons among cathepsin S, MMP-2, and MMP-9 with their collagen scores as markers (D). Fluorogenic gelatin was incubated individually and in pairs of cathepsin S (catS), MMP-2, and MMP-9 (E). Cathepsin S alone degraded the most gelatin, but when co-incubated with equal amounts of either MMP-2 or MMP-9, the total gelatin degradation was approximately half that of cathepsin S alone. Collagen alpha-1(I) chain (COL1A1) was used for comparative analysis. The FASTA sequences was retrieved from UniProt with the following link: http:// www.uniprot.org/uniprot/P02452.
on cathepsin K. Introducing mutations into cathepsin K at sites L253 and V171, protected cathepsin K from cleavage by cathepsin S (Fig. 4) . This validated PACMANS as a useful tool for predicting locations of protease-on-protease interactions and cleavage. Taken together, this confirms cathepsin cannibalism between cathepsin S and cathepsin K and that its outcomes can be modified by mutational analysis and application. Other protease families may undergo similar proteolytic interactions between family members, but we also used PACMANS to demonstrate the possibility of inter-familial regulation of proteases using cathepsin S/MMP-2,-9 studies. PACMANS predicted interactions and preferential hydrolysis directions between cathepsin S vs. MMP-2 and MMP-9 (which are both gelatinases), were then tested experimentally by monitoring gelatinase activity of these proteases in isolation, in concert, or against each other. PACMANS analysis indicates that both MMP-2 and 29 have greater preference for cleaving cathepsin S, then cathepsin S has for cleaving them, and we observed experimentally that cathepsin S gelatinase activity was reduced when co-incubated with MMP-2 or MMP-9 compared to its incubation by itself indicating interactions between MMP-2 and cathepsin S and of MMP-9 with cathepsin S were reducing cathepsin S activity. Cathepsin S could be acting as a decoy or distraction for MMPs, causing them to bind to and hydrolyze cathepsin S preferentially over the gelatin substrate, reducing the amount of gelatin being degraded over the same unit time. If MMP-2/-9 are cleaving cathepsin S, there is the additional consequence of inactivating a fraction of cathepsin S, preventing that amount of active enzyme from degrading gelatin resulting in a net reduction in total gelatinase activity. This reduced gelatinase activity observed occurred even when there was twice the molar amount of active protease present since equimolar amounts were added for each of the experimental conditions [ Fig. 5(E) ].
Expanding PACMANS to test inter-familial protease relationships between cathepsin S and MMP-2/ MMP-9, it became clear that the initial scores calculated from MEROPS were not comparable across protease-ases. The protease-ase scores clustered depending on the magnitude of scores in the MEROPS specificity matrices, rather than just biological preference. For example, MMP-9 is known to be a strong collagenase, 4 however, based solely on the scores, MMP-2 preference for collagen, elastin, as well as cathepsin S, MMP-2, and MMP-9 was greater than MMP-9's score for degrading collagen. To compare across cathepsin S, MMP-2, and MMP-9, a normalized score was developed, which normalized the specificity matrix by the total number of substrates used to generate it. After normalization, protease-ase preferences could be more directly compared and conclusions made based on experimental data [ Fig. 5(D), 5(E) ]. MMP-9 was then deemed the strongest collagenase (score 2.05) followed by MMP-2 (score 1.20) and cathepsin S (score 1.10), which better approximates published comparisons. 4 PACMANS customizability allows users to input amino acid sequences and proteases of interest. Other programs developed to determine proteolytic cleavage sites, more commonly have a predefined, set list of proteases available for analysis. PROS-PER 40 and PeptideCutter 41 are two programs that differ from PACMANS in that they analyze a set list of enzymes to cleave the amino acid sequence, while PACMANS's only limit is that the protease must have a specificity matrix characterized in MEROPS (which as of the time of this submission is 263). PeptideCutter did not have any of the cysteine cathepsins, and PROSPER only included cathepsin K. Prediction of Protease Specificity (PoPS) is a robust program similar to PACMANS, but users must manually type each subsite's specificities for each amino acid by hand (which can be errorprone) 42 instead of directly linking to MEROPS like PACMANS. Furthermore, PoPS has the user choose between scaling methods. PACMANS normalizes the specificity matrix and computes a normalized score for comparison. PoPS gave similar results to PAC-MANS with the sequence (143) SSVG/ALEG (150) having a maximum score of 17.83, which was the second entry in PACMANS results (Fig. 2) . However, the sequences containing L253 (rank 9, score: 9.28) and V171 (rank 19, score: 5.85) in the P2 locations were lower ranked in the top scores from PoPS and were shown from the PACMANS identified sites as key locations for interrupting hydrolysis. In summary, PACMANS is now added to other tools that can be used to test basic scientific questions for proteolysis, as well as design interventions in tissue-destructive diseases. PACMANS also can be used to design mutant proteins that can be therapeutically resistant or enhanced for protease-on-protease interactions. For example, if design goals were for cathepsin K to be degraded quickly for some biotechnology application or for some biologic manufacturing tasks, then instead of expressing L253A mutants resistant to cannibalism, one could express T254G or Q257P; both of these mutants would increase likelihood scores to enhance its degradation by cathepsin S. Understanding protease-on-protease interactions can also allow for accurate dosing of protease inhibitors, considering the activities of protease-on-protease interactions that can generate off-target side effects caused by miscalculations of protease concentrations in pharmacological analyses. PACMANS offers an inexpensive in silico method to perform first pass analyses prior to the mutagenesis or more costly methods to confirm, which will save time and money for proteolysis researchers.
Materials and Methods
Algorithm and program workflow
Protease-Ase Cleavages from MEROPS ANalyzed Specificities (PACMANS) is a program that determines putative cleavage site locations of a dominant protease (protease-ase) hydrolyzing a substrate protease (Fig.  1) . Putative locations were determined by point-bypoint comparison of a substrate protease's amino acid sequences with a protease-ase's active site specificity matrix (available from the MEROPS online peptidase database) to score the frequency each amino acid has been found in subsite P4 through P4', and is susceptible to cleavage in the protease-ase's active site. 27 PACMANS was developed using a sliding-window approach, where individual sub-sequences that fill the P4 to P4' active site pocket were scored. This pocket slides along the length of the substrate amino acid sequence and all possible sub-sequences were scored and then sorted by score. This program was implemented using MATLAB. Pseudocode for the program flow of PACMANS is given below:
Main inputs: sequence (text string of protein under analysis) and specmat (protease-ase matrix of specificity values) Determine pocket size using starting and end points (testlen) Determine number of 1-8 amino acid sequences to be analyzed (numsequences) for i 5 1:numsequences Determine current sequence (curseq) for j 5 1:length(curseq) Determine the individual amino acid preference score for the j-th amino acid in the current sequence and store these scores in a matrix Add individual scores together to determine cumulative sequence score end Calculate the range and median of individual residue scores as well as subsequent fragment size for each sequence end Scores matrix was then sorted by maximum cumulative score and printed out to a text file Specialized MATLAB functions utilized in these calculations included molweight()[from the Bioinformatics Toolbox], which calculates the molecular weight of a given amino acid sequence and quantile() [from the Statistics and Machine Learning Toolbox], which returns the quantiles of a dataset, in this case the scores, to determine the top five-percent of scores for further analysis. The computational complexity of this algorithm is O(n), where n is the number of amino acids in the input sequence.
The functionality of PACMANS was further extended when used to compare substrate preferences between different protease-ases. The code was modified to calculate a normalized score, where the individual residue scores were normalized to the number of substrates used to fill the specificity matrix and then summed, like the original cumulative scoring method.
The code has been packaged into a graphical user interface (GUI) using MATLAB's GUIDE Toolbox to allow use by a broader audience, which will be able to be downloaded and run as a MATLAB Application and the code was also re-implemented in PHP to host online (platt.gatech.edu/PACMANS). The functionality of the code was also adapted to allow the user to vary the size of the active site pocket, to a subset of the P4 to P4' used in this work.
Cathepsin K mutagenesis pCMVA6 plasmid containing the gene for human cathepsin K was originally purchased from OriGene (CTSK (NM_000396) Human cDNA clone). The mutant cathepsins were made by site-directed mutagenesis using overlap extension polymerase chain reaction (PCR) with mutagenic primers to introduce point-mutations into cathepsin K gene (Supporting Information Table S1) , 43 which was then ligated into pcDNA 4/TO/A plasmid (Invitrogen) that contains a C-terminal polyhistidine tag for nickel-column purification. Recombined plasmid was amplified in competent bacteria cells (Strain Zymo 5a, Zymo Research) and successful mutagenesis was confirmed with DNA sequencing by Genewiz.
Stable expression and purification of mutant cathepsin K HEK293T cells were stably transfected using Lipofectamine 2000 (Thermo-Fisher Scientific) and zeocin (Invivogen) as the selection marker for steady production of mutant cathepsins. C-terminal 6X polyhistidine tagged cathepsin K (wildtype and mutants) were purified from cell lysates with the ProBond Purification System (Thermo-Fisher Scientific).
Multiplex cathepsin zymography
The multiplex cathepsin zymography assay was used to determine the amount of active cathepsin by the protocol previously established by our lab.
31,32
Western blotting
Western blots were performed on proteins either from cell lysate (extracted using modified RIPA buffer) or purified protein in co-incubation experiments to determine levels of detectable protein.
To test the cannibalism-resistance of cleavage site mutants, purified cathepsin mutants were co-incubated with or without 1 pmol of recombinant cathepsin S (Enzo) in a phosphate buffer (pH 6.0), 2mM dithiothreitol (DTT), and 1mM ethylenediamine tetraaceticacid (EDTA, Fischer Scientific) for two hours at 378C.
The reaction was quenched by the additional of a reducing loading dye and then samples were boiled for 5 minutes before loading into Western blot gels. SDS-PAGE was performed using a 12.5% SDS polyacrylamide (National Diagnostics) gel and resolved at 150V at room temperature to separate proteins by molecular weight and then transferred onto a nitrocellulose membrane (Bio-Rad) using a Trans-Blot SD Semi-Dry Transfer Cell (Bio-Rad). Membranes were blocked for one hour with blocking buffer (Odyssey, diluted 1:1 with PBS) and incubated over night with either a monoclonal mouse primary cathepsin K antibody (Millipore) or a polyclonal goat primary cathepsin S antibody (R&D Biosystems). Proteins were imaged on a LI-COR Odyssey scanner using donkey anti-mouse or anti-goat secondary antibodies (Invitrogen) tagged with an infrared fluorophore. Densitometry to quantify band intensity (indicating protein amount) was performed using ImageJ (NIH).
Results are presented with a mean 6 standard error of the mean (SEM). Statistical analysis performed was a two-tailed, Student's t-test.
Fluorescent gelatinase activity assay
Five pmol of recombinant cathepsin S (Enzo), MMP2 (Enzo), or MMP9 (Enzo) was incubated at 378C individually or in combinations with 50 lg/ml of DQ gelatin (Thermo-Fisher) in phosphate buffer, pH 6.0, and 2mM DTT. Changes in fluorescence were measured at an excitation in 485nm and emission of 525nm with a SpectraMax Plus microplate reader (Molecular Devices).
